AU available complete mitochondrial genomes (21 species) are evaluated for dinucleotide over-and under-representation. The CpG dinucleotide is pervasively under-represented in all animal mitochondria, but it is of variable relative abundance in fungal, protist, and plant mitochondrial genomes. Interpretations and hypotheses are considered relative to mitochondrial genome organization, methylation, structural specificities, directed mutation, and evolutionary events. In particular, our results support Mycoplasma capricolum or a dose relative as the most likely bacterial ancestor of the mitochondria.
METHODS
Let fx denote the frequency of mononucleotide X in the sequence at hand, fxy the frequency of dinucleotide XY, and so on. A usual assessment of dinucleotide bias is through the odds-ratio measure, pxy = fxy/fxfy. From data experience and statistical theory, for pxy more (less) than 1.23 (0.78), the XY pair is considered to be of high (low) relative abundance compared with a random association of mononucleotides. There are statistical tests indicating the degree of statistical significance for high and low relative abundance (e.g., see
refs. 7 and 8). The measure pxy is suitable for a single sequence. To accommodate the complementary antiparallel structure of double-stranded DNA, we form the symmetrized frequency of mononucleotides asf =f*T = (fA + fT)/2 and fC= ft = (fc + fG)/2, and f*GT = (fGT + fAc)/2 is the symmetrized double-stranded frequency of GTAC, etc. The symmetrized dinucleotide odds ratio measure is taken to be P*GT = ftT/fThr = 2CJGT + fAC)/f + fc)(fT + fA) and similarly for all dinucleotides (see ref. 9 for rationale and justifications). A third-order measure of similar type is Vy*Xyz = Vzyf t/>fyzfxNz where N is any nucleotide.
Higher-order measures based on tetranucleotide (or longer oligonucleotides) are also available (9) .
The mononucleotide frequencies in animal mtDNA sequences tend to be asymmetric in A vs. T and C vs. G in their heavy and light strands (Table 1) . Consequently, we evaluate both single-stranded (p) and symmetrized double-stranded (p*) representation measures in the mtDNA sequences.
RESULTS
CpG Deficiencies. Without exception all animal (vertebrate and invertebrate) mitochondrial sequences show significant CpG suppression (relative under-abundance; Table 1 ), almost to the same extent as occurs in vertebrate nuclear genomic sequences. The traditional explanation ascribed to the methylation-deamination-mutation scenario (CpG -* TpG-CpA mutations) with concomitant excess of TpG-CpA dinucleotides may not apply to mtDNA genomes, since the associated methylase is absent from most invertebrate hosts (e.g., Drosophila, C. elegans, Strongylocentrotus purpuratus) or the methylase does not or cannot access the mitochondrial organelle (in vertebrates). Most Are CpG Dinucleotides Involved in Specific Functions in the Replication Process? The mitochondrial replication machinery is distinctive in that the heavy strand is largely synthesized first (the parental heavy strand being displaced) and the light strand is subsequently replicated (17) . The A+T-rich genomic composition likely facilitates these processes by allowing the strands to disengage more easily. These processes may be more troublesome in the larger mitochondrial genomes, especially in S. cerevisiae with numerous C+G clusters.
Correlation of CpG Abundances and Genome Size. Inspection of Table 1 Nuclear vs. Mitochondrial Genomic Comparisons. An inverse correlation between nuclear and mitochondrial genome architecture distinguishes animal versus fungal and protist taxa. Animal nuclear genes are rife with introns but have none in their mitochondrial genomes, whereas protist and fungal species exhibit the opposite distribution, entailing few introns in nuclear genes but many introns in their mitochondria. The higher metabolic rates in animals, concomitant to many life activities associated with cellular differentiation and coordination, may have selected for an efficient streamlined mitochondrion to supply energy needs without complications in processing mitochondrial gene products, etc. On the other hand, the reduced movements and life states with lesser energy demands in the single-celled fungal and protozoan species could permit greater flexibility in their mitochondrial composition.
Is the Low CpG Relative Abundance a Historical Remnant? The endosymbiont hypothesis generally proposes that mitochondrial genomes are derived by lateral transfer from a Gram-negative a-purple bacterium, with Paracoccus denitrificans a likely ancestor (2, 19) . However, P. denitrificans M. capricolum is particularly interesting with reference to mtDNA because it is the rare bacterium where the codon TGA is translated to tryptophan, as is universally true in mitochondrial genomes. We will argue that M. capricolum or a closely related bacterium is the more natural progenitor of mtDNA rather than an a-purple Gram-negative bacterium. This hypothesis was set forth by Andachi et al. (21) on the basis of similarities between fungal mitochondrial and M. capricolum tRNA sequences and structures. M. capricolum and mitochondria are also similar in that both are parasitic or symbiotic in eukaryotic species, have a pronounced economy in numbers of tRNA genes, and contain only one or two rRNA genes (22) .
An assessment of genomic similarities between animal mitochondria and 21 diverse bacterial species (see legend to Table 4 ) based on dinucleotide relative abundance distances (20, 23) We gratefully acknowledge the helpful comments ofDrs. B. Edwin Blaisdell, V. Brendel, and A. M. Campbell.
